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ABSTRA(T

"
o~

This report presents the results of a preliminary study of the
possibility of using a pr:ssurized tube to recover a standard five
inci: projectile with projecrile decelerations no greater than 107 of
the maximum in-bore acceleration. Computer calculations using both z
simplified dynamics model and a cne-dimensional Lagrangian hydroccde
have been performed for a variety of recovery tube gases, inirial
pressures and tube lengths. Calculations were also made for tutes
vented by blowing plugs out of the ends. ZResults of the calculations
te that an initial pressurization of five to seven atwospheres

.uo

4]
[«

indica

is required to stop the projectile within the 107 limitation if a
dense gas such as Sulfur Hexafluoride or Freon 12 is used., The
required tube length is approximately 300 feec,
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II.

BASIC DESCRIPTION OF RECOVERY PRINCIPLES FOR A CLOSED TUBE

slowing
a prajec-
his
provides
physical

To understand the basic physical principles invelved in
down a projectile in a tube of compressed gas, the motion of
tile in a cicsed end tube will be examined in this sectiom.
s%uly uses the resulis of a sinplified theoretical model and
wnsight inte the dependence of the projectils moiion on such
parazeters as initial tube pressure, properties of the tube gas, .nd

the tube leangth., The theoretical model doe
motion in the recovery gas cozmpletaly, but
improvement over rhe previous isentropic couwpression models,
aaglyvsis in the next section
gas with great accuracy, but
insight to the

A, Influence of Shock Haves

s not account for wave
provides a considerable

e

treats all wave motica in the reccvery
does not provide as much physical
recovery pracess as the following theoratical model.

Consider a five inch projecrile leaving a2 gun with =uzzl
= Fed

zlocity, Vo, and eatering ¢ tubs of compressed gas {see !

ssuma Lfhat:

Be Q

1. There is ns leakage

2. 1ne pressure on the base of the projectile is atoospheric.
3. The mu G of the tubz is closed.

in this
accelerates the gas shead of it to velccity, Vo.

situation, the srojectile acts as z piston which suddenly
This sudden movemsut

of zas causes a sheck wave fo be propagated in front of the projectile.
Thus, the initial deceleration of the projectils will be caused by the
pressure behind the shock wave. This pressure, Py, will be greater
than the initial tube prassure by the facitor, £ = PgfP,, where Pg is
the pressure behind the shock wave, Fp is the initial tube pressure.
The quantity, I, is callaed the shock streagth. as the projectile
slows down, it will cavse the volume of gas Detween ir amd the shock
wave te increase, thereby, redecing the presszure ia froant of the
prcjectile and the screagzth of the shock. Reduction of pressuze on
the front of the projectile will cause itrs deceleration o decrease.
Rhen the sheck reacrhes the cicsed end of the tube, ir wiil e
reflsczed roward the oncoming projectile. From this point in time,
=ultiple shock reflections will occur beotween the projectile and the
end of the tube. Each tizz a shock rafl T e iront of the
projeccile, it causes an increase in tn Eventusily,
the projecrile will achieve zers veloci the imcreased
prassure due to the shock reflections, o =ove in tne
opposite dirsction. The trajectories © ctile and the
shock wave ave shown in Figure 2, where and © is time.

3
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B, Analysis cf Projectile Motion

If 1i¢ is assumed the flow properties
projectile are the same as those at the shock front for any given

time, i.e., no pressure gradiencs exist between the shock front and
the projectiie, then:

az the Iront of the

’

U, = bg = R ¢5)
g ’!~\!i+f‘/ :

where, Up is the velocity of the prcgc;cll; ; Us is the gas veiocity
at the shock front, ag is the scund speed in front of shock, and y is
the specific heat ratio of the recovery tube gas,

t The force on the
projectile is related to its deceleration by,

-p"+d-52= (£Po - Pb) « )

vhere; Dp is the deceleration of the projectile, A is the area of the
projectile base (assumed to be the Same as the tube cross section),
‘M is the projectile mass and Pp is the pressure on the projectile base

(assumed to be a constant 14.7 psx), Solving eguation (1) for £ and
substituting into equation (2) gives,

d U, _ Y U

. A A v Uy - U o 2 un? ’ s 11
=8 p. - 2p __R{v-i-l B + 1 _a....+lﬁl‘-1 3
It N b s O {4730 (v ) roll (v ) > r il; (3)

an~

Equation (3) is a nonlinear, first crder, ozdinary differential equa-
tion which can be integrated numerically to give the velocity and the
position of the projectile at any time, t

t. The corresponding velocity
of tl.2 shock front can be calculated Erom the Rankine-Hugoniot equa-
tion:

where X; and Vg are the position and the velocity of the shock front,
respectively., Integration of squation (4) gives the shock front

LY projectile speed of 3000 ft/sec is used throughout this reporxt.




position, The other fiow properties behind the shock are given by the
appropriata Rankine-tlugoniot relations. Fov example, the sound speed
is given by:

;1+[(1-1),’(=§+1)]
(- /(v L)

33 = ac-\ -

where ag is the sound speed behind the shock,

ihe deceler of the prcjectile and tha preperties behind
the shock can be calculated from equations (1) through (5) until the
shock reflects from the end of the recovery tube. The strength of
the reflected shock is determined by,

gr = Pr/Ps

Y+ 1

where £y and Br are the strength of and the prassure ‘behind the
reflected shack. The reflected shock traveis upstfeam until it
collides with the projectile, where it again undergoes reflection
The strength of the reflected sihiock is-détetmified by equation (1 )
when the appropriate values for the sound speed and the projectile

velocity are used.,

A repetition of the above piocedure, using equations (1)
through {6), with the approprizte values, determines the zffects of
the nmultiple reflections. The entire .procedure can be carried out
until the projectile velocity becomes zero.

The above calculation procedure has been programmed for the
CDC 6700 computer at NWL. A typical projectile deceleration versus
time curve is shown in Figure 3. 7%The results shown in the figure are
from a computer run for a 250 foot tube filled with air at an initial
pressure of 30 atmospheres. For this case, only one refiection occurs

on the face of the preojectile before it stops.

From the above discussion and Figure 3. it is secn that the
maximum deceleration of the projectile will be caused by eithsr the
initial shock or the one or more reflscted shocks., Throughout the
rest of this report, these two maxima will be referred to as the
initial deceleration and the reflection deceleration, respectively.
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C. Eiffects of Various Parameters

The computer program mentioned above was used to study the
effects on the maximum deceleration due to varying the specific heat
ratio, initizl scind speed”, initial pressure of the recovery tubs gas,
and. tubé length., 1In edch case, one parameter wis varied while the
-other three were held constant. Typical examples, obtained from the
study are illustrated below:

~ -

1. Specifi ¢ Heat Ratio

Increasing the specific heat ratio, increases the
*rengf‘h of the imitial shock, thus increasing the inifial decelera-
:tzon. ‘Since the projectile velocity decreases a. a faster rate, the
,streﬂgth of the initial shock decreases at a faster rate, so ;hat by
;she time the shock reaches the end -of the tube, it is not so strong.
Ihus, the reflecced sho k pressure, and ultimately the reflection
—deceleratzon, is- amaller. ”herefore, as shown in Figure 4, the

-iat decéleratxon increases with increasing specific heat ratio,

11e the reflect ion- deceleratxon decrea*eo. -

2. 'Séuﬁd:Sgeéd;
. Decrgasing. the sound speed increases the Mach number of
the flow, thus zncreasiﬂg the initial shock strength. This change
-produces effects simiiar to increasing the specific heat ratio; hence,
a-gas -with a smaller initial sound speed produces a higher initial
deceleratzon and a lower reflection deceieration than a gas with a

-

‘higher souad speed. This behavior is shown in Figure 5,
3. Pressure

As shown in Figure 6, increasing the initial tube pressure
has an effect similar to 1n¢rea51n zhe gpeecific heat ratio and
decre351ng the sound speed. 7The initial deceleration increases with
ificreasing initial préssure; whilz tha refleccion deceleration
- decreases.

2ihe initial sound speed is evaluated at 530°R. The specific heat
ratio is also evaluated at this tewperature and is assumed to be
constant throughout the calculations.
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As shown in Figure 7, increasing the length of the rube
affeccs only the reflcection decelceration. Since the shock wave in
front ol zhe projectile has a longer distance e travel, it is weaker
when Lt reaches the closed end.  Thus, the shock reflected from the 2nd
o, The zube is weaker and finally the reflection deceleration is
smaller,

- s

In cach of the above graphs. there exists a pecint where the
5 maximen deceleration is minimum., This conditien occurs whan the
E initial deceleration eguals the reflection deceleration, Therefore,
e any one ¢f the four parameters being studied could be used as a basis E
= for optimization. In this analvsis, tube length will be chosen as the E
optimization parametsr. The optimization procedure, then, is to deter- %
oine the length of tube necessary to producas a reflectiorn deceleration =
equal to the inirial deceleration e%'le zeeping the initial pressure, H
L und

i
cthe specific b sp=ed, constant. Of course,
specific heat ra r 1wysical properties of the
recovery tube gas and are not in dent of each other; nowever,
several gases may have the same specific heat ratio but different
scund speeds.

Before the computer program can be used to de
- optimum tube length, there has to be some criterion for sele
] n r a P

*
initial tube pressure and the gas which will provide the pr
specific heat ratio and sound speed. Figure 7 shows that as the
initial deceleration increases, the optim <
Tnersiore, zhe initial deceleration is mn allc&aalﬁ
{107 of the maximum In-bore acceleration he smallest

= possible tube lengt

= gth, Once the initial a
relation bewween initial tube pressure and shoc
from aquation {2), thus,
iiPo=Psg=PFp+ T4 {(7)

efi is the shock strength necessary to produce the acceptable
decelerarion, bj, for a giveq inicial Pg. The quantity Pg is the
prassure behind the initial shock.
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a muzzle ve‘ocit" oF abaut 3000 ft/sec. The
tiosn should, thaerefere, not exceed 1300 g, This
B; in eguation {7) to compute the pressure behind
Thus, equation {7} shows thar the initial shock strength
y proporticnal to the ipitial rube pressure. Since low
ube pressures are desired, let an vpper limit of seven
atmospheres be set. Then accordirg to equaticn (7), initial tube
pressures of one ¢ seven atrwspheres are possible only if the shock
strengths corresponding to those pressures are obtainable. Equa-
tion {1) shows rthat che shock strength is dependent only upon the
spec*:xc he 4 initial sound speed of the recovery tube
gas, for given in ectile specds Thus, it is now possible
co determine the combinations of specific heat ratios and initial
sound speads necessary to produce the shock strength correspending to
any initial tube pressure. The properties of actual gases can then be
examwined to detersine which ones, if any, have the proper specific
heat ratio and initial sound speed combinations correspoanding to any
given initial tube pressure in the range of one to seven atmospheres,

15,000 g, and has
recovery deczle
value is i

<

N
I
"
§i
e

2 Selecticn of Recoverv Tube Gas

Since the shock strength for any given initial tube
ressure is determined by aquation (7), and the initial projectile
peed is known, a relation between specific heat ratio and initial
: is obrained freom equation (1). This equation can be
2 the form:

2 b
[v+ - w7 20 + 1)]" ) a,” . @)
(53 - D274 +1)2 U2 / 8(g; + 1

This is cthe equarion of a family of i)pcrbolas in the (¥, ag) plane
with the origin at ¥ = - (%5 - 1) / 2(%; + 1), Figure 8 shows curves
for initial pressures of one, three, five asd seven atmospheres. The
curves are searly linecar over the range of specific heat Tatios
between 1.0 and 1.6, FTher an initial tube pressurc is selected, the
appropriats combdinations of specific heat ratio and sound speed are
derermined from a curve defined dy equarion (8). Gases which have
inic o speeds and specific heat ratics close to tha values on
hi ¢ are then selected for possible recovery tube use. The
points shown in Tigure 8 representr the properties of actual gascs
Unforrunately, many of =i ases, especially those located baiow the
curve for five atmospheres, are nct wasily obtainable. However, many
of the gases reprasented by peints between the curves for five and for
seven atmospheres are coomercially available and include many of the

rklh
(3]
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comeonly used refrigerants. It appears, therefore, that the lowest
practical initial tube pressure is between five and seven armospheres
although 2 more extensive study might be justified if lower initial
tube pressures are desired. Each of the gases that could be usad at
inizial pressures batween five and seven atmospheres, has properties
which may make it either more, or less desirable than the others.
Hence, the final selectior of a recovery tube gas should depend upon
a careful study cf the individual characteristics of each candidate
gas. The most important characteristics to be considered are:

a. Cost

b, Availability

d. Deviation from a perfect gas

Characteristic (d.) needs to be considered because the analysis pre-
seated abeve assvmzs a perfect gas throughout. 1If the properties of a
gas differ greatly frco those of a perfect gas, it may not be desircable
for use in the recovery tube even though it has suitable properties at
the begianing of the recovary process.

Once a recovery tube gas has been selectel and the
initial tube pressure has been detsrmined by equation (7), the
optimum tube length can be determined by performing calculations for
several different tube lenzths until one is found which gives a
reflection decelerarion equal to the initial deceleratiom (1500 g for
the five inch projectile}.

Tue optimization procedure will now be illustrated for a
particularly promising gas, Sulfur Hexafluoride (S5Fg). This gas is
available locally ar §225 for a cylinder containing approximately
180 pounds. {The &mount necessary to achieve the desired pressuriza-
tion for a 300 footr tube.) Sulfer Hexafluoride is chemically inert
and non-toxic. Sandia Laboratoriss (reference (3)) has used the gas
n their shock tubes and report a decomposition temperature of 2500°K.
his temperature is significantly greater than the 1800°K maximsm
expected during the projectile recovery precess, The comprassibility,

¥

= §%, of SFg has been estimated fro=m a generazlized compressibility
chart to be between i and 1.15 for most of the temperatures and
pressures encountered during the projectile recovery.

p-i e

3]
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The results from calcularions of the saxirms deceleration
vs length for recovery tubes filled with 5Fg zre ploetted in Figure 3.
The single curve shown in this fizere is a composite of portions of
the initizl and the reflection deceleratian cvrves. Tne optimum tube
length occurs at the knee of this curve. The k.ee cerresponds to & i
length of 300 feer and an initial pressure of ».7 stmospheres.

o i

Simdlar calculations were carried out using air as the
recovery gas. Air used ia piace of S5Fg would give approximately the
same optimum tube length, i.e., 300 feet, however, an initial pressur-
ization of 20 atmospheres would bz required. it is the low pressur-
ization requirezent that makes deuse gases, scch as SFg, more attrac-
tive than air as a recovery tube gas.

TII. RESULIT OF CALCULATICNS FOR A TUEE VENIED BY A PLEG

S

The simplified closed tube analysis of the previous sectioa was
useful in determining the effects ef varving the initial scuad speed,
specific heat ratio, pressure, and the length of the recovery tube, on
the decelerarion of the projectile. This analysis is limited o
closed tubes and camaot take into account the details of the gas £}
between the shock waves and the projectile., To provide a more accurate
model, a cne-dimensicnal Lagrangian hydrocode was =modified to calculate
the sotion of the projectile. The Lagrangian hydrocade is a finite
difference computer program using artificial viscosity technigues to
handle shocks. In this way the partial differential eqguatiens for
sotiou of the gas are solved. The cooputer progra= is called SPREC.
Alzhougn this program requires much more running time than the pregras
mentioned in the previocus section, it is more accurate and is able to
calcnlate the effects of veating the gas in front of the projectile.
Venting the high pressure recovery tube gas is nacessary to prevent
the projecrile from reversing its motion and returning to the tube
entrance where it would be difficult to haves a soff recovery.

VYenring coulé be accosplished in several ways; for example, a
diaphragm placed at the end of the tude so that it wouvld rupture when
the initial shock reflected froz it. The gas could zliso be vented,
through orifices, into either the atmosphere or an external tank, A
sizple method of venting uses a projectile-1ike plug near the ond of
the tubze. 7This plug would be designed to shear frex= its helder when
the initial shock reached it. The gas pressure behind the pluz would

then force it out to the and of the tube, allowing the gas te vent te
the atmosphere.
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The plug method of venting has been incorporated into SPREC to
calculate the projectile and the plug motions for various plug misses
and initial plug distances from the end of the tube, Using the informa-
tion provided in the previous section, computer runs were made for a
300 foot tube filled with SFg at an initial pressure of 6.7 atmospheres,
An optimum plug mass and an optimum distance were determined by moving
the plug from the end of the tube toward thc entrance in various incre-
ments and then varying the mass uatil the projectile was stopped inside
the tube. The combination oI plug mass and distauce which have a
reflection dececleration equal to the initial deceleration, while
giving a small force on the projectile at the time of zero velocity,
was selected as the optimum condition. For this case, the optimum
plug distance is 260 feet from the tube entrance, and the optimum mass
68 pounds. (Nearly the same as the projectile.) Projectile decelera-
tion versus time for these conditions is shown in Figure 10. The plug
exit velocity is 1200 ft/sec.

The maximum gas temperature occurs near the front of the projec-
tile. This temperature is showa versus time in Figure 11 where the
largest value is seen to be 1800°K, The maximum pressure occurring
along tne tube length is plotted versus time in Figure 12, This pres-
sure does not correspond to a single position in the tube, since the
point where the maximum occurs shifts around., The largest pressure
(11,000 psi) seen by the recovery tube (not the projectile) occurs
when the initial shock wave reflects from the end of the plug.

IV. CONCLUSIONS

The vesults of the analyses described in this report indicate
that a pressurized tube could be quite successful in recovering a
five inch projectile with decelerations no greater tnan 10% of tue
maximum in-bore acceleration. Approximately 300 feet of tube is
required to stop the projectile. An initial tube pressure of about
© five to seven atmospheres is required if a dense gas such as Sulfur
Hexafluoride is used, and thirty atmospheres pressure is required if
air is used. 1t also seems feasible to use a plug near the end of the
tube, to vent the high pressure gas in front of the projectile. The
results of the computer analysis for a tube filled with 6.7 atmospheres
of SFg indicates that a 68 pound mass placed 40 feet from the end of
the tube would allow the projectile to stop without reversing its
direction.

Because of the limitations of the work described in this report,
further investigations are presently being performed. The most
important of these studies arc:
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1. Effects of Venting the Propellant Sas Behind the Projectile

The analysis assumes that the propellant gas pressvre behind
the projectile is atmospheric. The cffect of venting the gas over a
finite period of time and various methods of accomplishing this vent~
ing should be studied.

2. Effect of Leakage Past the Projectile

A one-dimensional gas dynamics analysis indicates that as
much as 8.2% cf the initial mass of the recovery tube gas could be lost
from leakage through grooves in the rotating band, The effect of this
leakage on recovery tube performance and means of preventing it should
be investizated.

3. Effects of Heat Transfer and Friction

The analysis neglects all heat transfer and frictional
effects. These effects should be investigated and the necessary
corrections to the recovery tube design parameters should be obtained.

4, Effects of Balloting

Balloting of the projectile rraveling in the recovery tube
has not been coansidered. This motion should be investigated to dater-
mine if it is large enough to affect the recovery -ube design, and to

determinc the effects of transverse motions on the projectile.

All of the above considerations are currently being studied. The
results of these investigations should lead to a practical design for
a soft recovery tube facility.
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